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Introduction {#sec001}
============

A precise knowledge of the sink and source distributions of greenhouse gases (GHG) in regional and global carbon (C) and nitrogen (N) budgets, and of the processes governing them, is a necessary prerequisite for the development and assessment of climate change adaptation and mitigation strategies \[[@pone.0238057.ref001]--[@pone.0238057.ref003]\]. A major challenge in climate change research is to fully understand and accurately quantify interannual to decadal variabilities in atmospheric GHG concentrations driven by natural processes \[[@pone.0238057.ref001],[@pone.0238057.ref004]\]. Soils can act as both important sinks and sources of atmospheric carbon dioxide (CO~2~), methane (CH~4~), and nitrous oxide (N~2~O), but are also components in the global C and N budget with large uncertainty estimates \[[@pone.0238057.ref001]--[@pone.0238057.ref003]\]. In recent years, it has been proposed to reduce these uncertainties by shifting from an implicit to an explicit representation of soil biota in ecosystem and, ultimately, Earth system models \[[@pone.0238057.ref005]--[@pone.0238057.ref007]\]. However, a major constraint for developing such new biogeochemical models is the lack of field data, especially for soil biota groups other than microorganisms \[[@pone.0238057.ref006],[@pone.0238057.ref007]\], in this study referred to as soil fauna.

Soil fauna can substantially influence the spatial and temporal variability of GHG sinks and sources in the field \[[@pone.0238057.ref006],[@pone.0238057.ref008]--[@pone.0238057.ref010]\]. They directly contribute to soil GHG fluxes via their respiratory and metabolic activities and indirectly by changing the physical, chemical and biological properties of soils through bioturbation, fragmentation and redistribution of plant residues, defecation, soil aggregate formation, herbivory, and grazing on microorganisms and fungi \[[@pone.0238057.ref006],[@pone.0238057.ref011]\]. Climate, abiotic soil conditions, land management, and interactions within the soil food web modify their abundance, activity, and vertical and horizontal distribution in soils, and thus their contribution to soil GHG fluxes \[[@pone.0238057.ref006],[@pone.0238057.ref008]--[@pone.0238057.ref010]\]. However, the magnitude of the effect of soil fauna on the overall GHG sink and source capacity of soils remains poorly quantified since the majority of our current knowledge still comes from laboratory experiments, is often controversial, and has been limited to only a few regions and species \[[@pone.0238057.ref012]--[@pone.0238057.ref015]\].

A considerable portion of soil-inhabiting animals belongs to the phylum Arthropoda \[[@pone.0238057.ref016]\]. Certain soil-inhabiting Arthropoda groups--termites, scarab beetles, millipedes, and cockroaches--have received special attention as GHG producers mainly due to their ability to emit CH~4~. However, apart from termites, their GHG production has never been studied in the field and quantified at different scales \[[@pone.0238057.ref012],[@pone.0238057.ref013]\]. Of this group, termites are the only soil-inhabiting Arthropoda, which have been explicitly considered as significant GHG source both on a global and regional level thus far \[[@pone.0238057.ref012],[@pone.0238057.ref017]\]. They are assumed to contribute about 1--3% to the global annual CH~4~ budget, but the large variation in emission estimates in the literature (0.9 to 150 Tg CH~4~ y^−1^) underlines the uncertainty in the available data sets \[[@pone.0238057.ref002],[@pone.0238057.ref012],[@pone.0238057.ref018]\]. The overall aim of this study was to provide first insights into field-level CO~2~, CH~4~, and N~2~O release of soil-inhabiting larvae of the Scarabaeidae family. We conducted the first explorative pilot GHG field measurement study on this Arthropoda group, focusing on larvae of the genus *Melolontha* covering a wide range of different larval developmental stages, larval activity levels, and vegetation types in west-central and southern Germany. Field release estimates for *Melolontha* spp. were subsequently upscaled to the European level to derive the first regional GHG estimate for members of the Scarabaeidae family. In addition, a comparison of field- and laboratory-based GHG production measurements was conducted to assess potential biases introduced by transferring Scarabaeidae larvae to an artificial environment for extended time periods.

Materials and methods {#sec002}
=====================

Sampling sites and species {#sec003}
--------------------------

This study was conducted in central and southern Germany--a temperate climate region with average annual air temperatures between 8 and 12°C and average annual precipitation between 600 and 1000 mm (reference period 1961--1990) \[[@pone.0238057.ref019]\]. Target species were the Common cockchafer (*Melolontha melolontha*) and the Forest cockchafer (*M*. *hippocastani*) because they have a soil pest status in Europe and they represent two different distribution patterns of Scarabaeidae larvae in soils. Due to the pest status, they are one of the few European Scarabaeidae species for which regular monitoring programs exist, and thus, knowledge on larval ecology is relatively good \[[@pone.0238057.ref020],[@pone.0238057.ref021]\]. *M*. *melolontha* and *M*. *hippocastani* live three and four years as root-feeding larvae in soils, respectively, progressing through three larval instars before pupating and evolving into adult beetles. Larval size can reach up to 65 mm \[[@pone.0238057.ref022]\]. The majority of individuals of a local population is of the same age, and population sizes tend to increase with every completed life cycle. *M*. *melolontha* inhabits open landscapes (e.g. pastures, vegetable crops, orchards, vineyards) and feeds in the rhizosphere mainly at 0--10 cm soil depth, while *M*. *hippocastani* inhabits forests and has a wider vertical soil profile distribution (0--40 cm soil depth) following tree root distribution \[[@pone.0238057.ref020],[@pone.0238057.ref023],[@pone.0238057.ref024]\]. During the 2017 vegetation period, larvae were excavated at six different sites covering a wide range of larval developmental stages and environmental conditions. Those sites were a meadow with *Beauveria* spp. infestation (Site 1), a Christmas tree plantation (tree height \< 1 m) (Site 2), a meadow without *Beauveria* spp. infestation (Site 3), and three mixed deciduous forest sites (Sites 4--6) (see [S1 File](#pone.0238057.s002){ref-type="supplementary-material"} for more details).

Soil excavations {#sec004}
----------------

At each site, two to four randomly chosen plots with an area of 50 cm × 50 cm were carefully excavated by hand to a depth of \~50 cm depending on site conditions. All larvae encountered in a plot were collected for measurements. For each excavated larva, the following properties were recorded: excavation depth, weight, species, and instar. For species and instar identification, we relied on local expert opinion, but even for experts it was not always possible to distinguish between the two *Melolontha* species in the field. The adult beetles are easily identifiable as either *M*. *melolontha* or *M*. *hippocastani*; however, the larvae themselves can only be identified to the genus level based on morphological features alone \[[@pone.0238057.ref025]\]. For each plot, soil temperature and soil moisture were measured at the soil surface (0--5 cm depth) and at the plot's final excavation depth (HH2 moisture meter with WET sensor, Delta-T Devices Ltd., Cambridge, United Kingdom). Air temperature and air pressure were measured with a handheld weather station (SM-28 Skymate PRO, WeatherHawk, Logan, UT, USA) at \~2 m height at each plot. Total larval abundance m^-2^ for each plot was estimated by multiplying the number of collected larvae by four, since a plot covered an area of 0.25 m^2^.

Gas production measurements {#sec005}
---------------------------

In the context of this study, the term "production" is used interchangeably with the terms "release" and "emission". Thus, "emission" is used in its broader definition of simply the direct release of gas from a larva, and not *sensu stricto* as just the gas release into the atmosphere over a specified area and specified time interval.

Immediately following soil excavation, the larvae were individually placed in 110 ml glass tubes, which were sealed air-tight with butyl rubber stoppers. All glass tubes were extensively waved in ambient air prior to the incubations to assure equal starting GHG concentrations across all tubes. The larvae were incubated in the field for about an hour and a blank measurement (i.e. a sealed glass tube without a larva) was included at each plot. During this time, the incubation tubes were shaded and placed onto the soil surface next to each plot. Larvae were not cleaned prior to the incubation since no soil particles adhered to their skin, but larvae could defecate during incubation. At the end of the incubation period, 25 ml of air were extracted from each glass tube with a plastic syringe and transferred to evacuated 12 ml glass vials sealed with grey chlorobutyl rubber septa (Labco Exetainers 839W, Labco Limited, Lampeter, United Kingdom). In addition, syringe samples of ambient air were collected during field incubations, including incubation starts, and also stored in Exetainers. At Site 3, in addition to 18 larvae incubated directly in the field, 65 larvae were excavated and transferred to the laboratory, instead of being field-incubated. These larvae were kept individually in small plastic containers filled with \~100 ml soil from the excavation site, and were supplied with ample amounts of fresh grass roots as well as carrot slices as food sources. Storage temperature was 18°C and soils were sprayed with tap water once per week to keep them moist. After 7 days, 39 of these larvae were incubated in the laboratory (incubation temperature 24°C) following the same protocol as in the field. After another 11 days, the remaining 26 larvae were incubated for gas sample collection. Gas samples were analysed with a SRI 8610C gas chromatograph with autosampler (SRI Instruments Europe GmbH, Bad Honnef, Germany) equipped with a flame ionisation detector (FID) coupled to a methanizer for CO~2~ and CH~4~ measurements, and an electron capture detector (ECD) for N~2~O measurements. Each detector was equipped with a Porapak Q pre-column (stainless steel tubing, length 1 m, 1/8 in. OD, 2 mm ID) and a Hayesep D column (stainless steel tubing, length 3 m, 1/8 in. OD, 2 mm ID). Column oven and detector temperatures were 70°C and 330°C, respectively. Nitrogen 5.0 (N~2~) was supplied as carrier gas at a pressure of 20 PSI (138 kPa). The ECD was additionally supplied with a make-up gas (4.5% CO~2~ in N~2~ 5.0) \[[@pone.0238057.ref026]\] at a pressure of 3 PSI (21 kPa). Due to temporary ECD failure, no N~2~O data are available for site 1 ([S1 File](#pone.0238057.s002){ref-type="supplementary-material"}). Peak integrations in the chromatograms were performed with PeakSimple Version 4.39 (6 channel) (SRI Instruments). Calibration curves were recorded with a 4-point standard gas series ranging from 304.0 to 3999.6 ppm CO~2~, 1.0 to 20.9 ppm CH~4~, and 248.4 to 15100.0 ppb N~2~O, respectively. Concentration increases during the vial incubation time averaged over all samples were 3037.3±1830.2 ppm for CO~2~, 22.1±20.7 ppm for CH~4~, and 11.1±51.1 ppb for N~2~O (average ± standard deviation). Gas concentrations for each individual sample are listed in the supporting information ([S1 File](#pone.0238057.s002){ref-type="supplementary-material"}).

Data processing and analysis {#sec006}
----------------------------

For each site, the CO~2~, CH~4~, and N~2~O emissions of each individual larva were quantified by subtracting the respective average incubation blank gas concentration value from each larval sample gas concentration value, applying the Ideal Gas Law \[[@pone.0238057.ref027]\], and normalizing by incubation time. Prior to these calculations, the blank measurements had been compared to the Exetainers containing ambient air samples to make sure that measurements were not influenced by the used rubber stoppers, and that the waving of the glass tubes prior to the incubations had been effective. The relative error for each gas emission value was estimated via error propagation assuming the following random errors: 2 Kelvin for air temperature, 10 kPa for air pressure, and 0.01 L for the incubation volume. The random error for the blank-corrected larval sample gas concentration values (CO~2~ and CH~4~ in ppm, N~2~O in ppb) was the propagated error of the uncorrected larval sample gas concentration value and the incubation blank gas concentration value uncertainties derived from the gas chromatographic calibration curves. The complete flux calculation procedure starting from the raw data is included in [S1 File](#pone.0238057.s002){ref-type="supplementary-material"}. The relative propagated error for the larval CO~2~ and CH~4~ emission estimates ranged between 13 and 16%, apart from a few exceptions. The relative propagated error for the final larval N~2~O emission estimates varied widely as the majority of N~2~O emissions was not significant. Emissions were classified as non-significant when the propagated error estimate exceeded the emission estimate.

A test for correlations between paired samples was performed on the entire pooled larval field dataset using Spearman\'s *rho* (*r*~*s*~) statistic. Input variables were instar, larval excavation depth, larval weight (= biomass), larval abundance at the respective plot, individual CO~2~, CH~4~, and N~2~O emissions, air temperature (= incubation temperature), plot soil surface temperature and moisture, soil temperature and moisture at the respective plot bottom, time of day during which the incubation took place, and incubation duration. For the comparison of larval field- and laboratory-measured emissions from Site 3, the same test statistic was also applied to the three flux data subsets (0, 7 and 18 days after excavation). The test was performed separately on each data subset with larval weight and larval CO~2~, CH~4~, and N~2~O emissions as input variables. Across-group comparisons on the data subsets were only carried out on larval weight to check for significant differences in mean biomass (Kruskal-Wallis rank sum test).

Larval CO~2~ and CH~4~ emissions were scaled up in two steps: from individual larvae to the plot level and from plot level to European level. Total larval emissions and larval biomass per plot were calculated by summing up the individual emissions or biomass and multiplying by four to scale to 1 m^2^. Larval biomass was subsequently used as independent variable in linear regression analysis for modelling m^2^-level larval CO~2~ and CH~4~ emissions. Linear mixed models were considered for the analysis of the emission data both on the individual and plot level, but yielded no further insights. The obtained plot level larval CO~2~ and CH~4~ emissions estimates were upscaled for 6 months per year (excluding larval winter rest) with the available literature data on European land area colonised by *Melolontha* spp. (200,000 ha \[[@pone.0238057.ref020]\]) to derive a first rough annual CO~2~ and CH~4~ emission range estimate for Europe. This was a very simplistic upscaling approach. Employing a more advanced and precise upscaling approach was not yet possible, due to lack of field data on both larval biomass and larval emissions, as well as the unbalanced design of our field dataset. In addition, it needs to be considered that the available literature values on colonised land area are likely very conservative \[[@pone.0238057.ref020]\]. Due to their scattered occurrence, N~2~O emissions were not upscaled.

All test statistics and regression analysis were performed with the software R (version 3.4.3) \[[@pone.0238057.ref028]\]. In addition to the software's standard library, the function 'chart.Correlation' (package: PerformanceAnalytics) \[[@pone.0238057.ref029]\] was used.

Results {#sec007}
=======

Gaseous carbon emissions of individual *Melolontha* spp. larvae showed a large inter- and intra-site variability which could not be explained by differences in soil temperature (range: 11.4--29.3°C) and soil moisture (range: 3.2--32.7 vol%), or incubation duration. Correlations between emissions and time of day of the incubation and incubation temperature, respectively, were weak (*r*~*s*~ \< 0.35) ([S1 Fig](#pone.0238057.s001){ref-type="supplementary-material"}). There was a clear tendency for emissions to increase with larval biomass at the site level, especially for CO~2~ ([Fig 1](#pone.0238057.g001){ref-type="fig"}). Average larval biomass ranged between 0.5 and 2.2 g larva^-1^. When pooling all data regardless of site and species, there was a strong positive correlation between CO~2~ and CH~4~ emissions (*r*~*s*~ = 0.76, p\<0.001), and between larval biomass and CO~2~ emissions (*r*~*s*~ = 0.84, p\<0.001). The correlation between larval biomass and CH~4~ emissions was less pronounced, but still significant (*r*~*s*~ = 0.68, p\<0.001). The excavation depth of the larvae correlated negatively with larval biomass (*r*~*s*~ = -0.51, p\<0.001), CO~2~ emissions (*r*~*s*~ = -0.58, p\<0.001), and CH~4~ emissions (*r*~*s*~ = -0.48, p\<0.001), respectively ([S1 Fig](#pone.0238057.s001){ref-type="supplementary-material"}). It could be seen as an indicator for larval access to fresh plant root material, which was higher the closer the larvae were to the soil surface, i.e. the lower the excavation depth was. Two-thirds of the larvae were found at 0--15 cm soil depth. Nitrous oxide emissions were only occasionally observed. Out of the 64 field larvae tested for N~2~O (sites 2--6), 13 individuals emitted significant amounts, ranging between 1.3 and 90.4 ng N~2~O h^-1^ larva^-1^.

![Direct CH~4~ and CO~2~ emissions, and larval biomass of individual *Melolontha* spp. larvae during field incubations.\
The box midline shows the median, with the upper and lower limits of the box being the 75th and 25th percentile, respectively. The whiskers extend up to 1.5 times from the box edges to the furthest data point within that distance. Sampling sites are sorted by average larval biomass in ascending order. The colours of the boxplots indicate the species (white = *Melolontha* spp., green = *M*. *melolontha*, yellow = *M*. *hippocastani*).](pone.0238057.g001){#pone.0238057.g001}

Since Scarabaeidae larvae need to reach a certain biomass to be able to pupate and since their food intake increases with size, larval biomass was a good proxy for larval age, sampling time, and food availability. Larval biomass could also be used to differentiate between species and to encode larval abundances at the plot scale. Larval abundances ranged between 4 and 68 larvae m^-2^ ([S1 File](#pone.0238057.s002){ref-type="supplementary-material"}). The correlation between gaseous carbon emissions release and larval biomass persisted when upscaling emissions to the plot scale, and a large proportion of the inter- and intra-site emission variability could be explained by variations in total larval biomass ([Fig 2](#pone.0238057.g002){ref-type="fig"}). Across all sites, CO~2~ emissions increased on average by 0.51±0.03 mg CO~2~ h^-1^ m^-2^ with each g total larval biomass increase (p\<0.001). The relationship between CH~4~ emissions and total larval biomass was best fitted with a linear regression model including a polynomial term ([S2 File](#pone.0238057.s003){ref-type="supplementary-material"}). Plot-scale emissions ranged between 1.19 and 46.75 mg CO~2~ h^-1^ m^-2^, and 1.15 and 155.58 μg CH~4~ m^-2^ h^-1^ (excluding one plot at Site 4 with zero emissions) ([Fig 2](#pone.0238057.g002){ref-type="fig"}). Based on these values and a literature value of 200,000 ha colonised by *Melolontha* spp. in Europe, total gaseous carbon emissions from European *Melolontha* spp. larvae alone were estimated to range between 10.42 and 409.53 kt CO~2~ yr^-1^, and 0.01 and 1.36 kt CH~4~ yr^-1^.

![Cumulated larval CO~2~ and CH~4~ emission estimates from field measurements for each individual sampling plot in relation to total cumulated larval biomass grouped by sampling site.\
Error bars represent the propagated error of the individual larval emissions. Results of linear regression analysis using the complete dataset are given in the respective subfigure for CH~4~ and CO~2~.](pone.0238057.g002){#pone.0238057.g002}

A comparison of field and laboratory measurements from larvae excavated at Site 3 revealed a strong impact of laboratory conditions on CO~2~ and CH~4~ emissions. Despite no significant differences in larval biomass between the three measured groups (p = 0.12) and ample food supply, overall emission strength and variability decreased rapidly with prolonged time at the laboratory ([Fig 3](#pone.0238057.g003){ref-type="fig"}). In contrast to the field observations, no significant correlation between larval biomass and CO~2~ and CH~4~ emissions was found, respectively, after two and a half weeks in the laboratory. N~2~O emissions tended to be lower under laboratory conditions in comparison to field measurements as well; however, it was not possible to discern a statistically significant effect of the laboratory conditions on larval N~2~O emissions. Of the 65 larvae incubated in the laboratory, only 13 emitted N~2~O, with emissions ranging between 1.81 and 43.70 ng N~2~O h^-1^ larva^-1^ ([S1 File](#pone.0238057.s002){ref-type="supplementary-material"}).

![Comparison of direct *M*. *melolontha* larval CO~2~ and CH~4~ emissions from field and laboratory measurements.\
83 larvae were excavated at sampling Site 3 on 26.05.2017. Larval emissions of batch "Field" were sampled in the field directly after excavation. Batch "Lab1" and "Lab2" were kept 7 and 18 days in the laboratory, respectively, before emissions were measured. The boxplots for "Field" are identical to the boxplots for Site 3 in [Fig 1](#pone.0238057.g001){ref-type="fig"}. Numbers above the CO~2~ and CH~4~ emissions box plots are Spearman correlation coefficients between the respective gas emissions and the batch's larval weight.](pone.0238057.g003){#pone.0238057.g003}

Discussion {#sec008}
==========

There are no field studies on direct CO~2~ and CH~4~ emissions from soil-inhabiting Scarabaeidae larvae yet to which we can compare our data \[[@pone.0238057.ref012]\], but both the field- and laboratory-measured emission rates fall within the range of emission rates known from the few available laboratory studies on Scarabaeidae larvae and other soil Arthropoda groups in temperate regions \[[@pone.0238057.ref013],[@pone.0238057.ref030],[@pone.0238057.ref031]\], or field and laboratory studies on termites in temperate, subtropical and tropical regions \[[@pone.0238057.ref012],[@pone.0238057.ref032],[@pone.0238057.ref033]\]. However, our study demonstrates how careful we have to be in interpreting GHG emission rates derived from laboratory studies. It has been known for termites that emission rates can decline over the course of a laboratory experiment \[[@pone.0238057.ref034]\]. In addition, we show that such a trend can also coincide with a considerable reduction of the emission rate variability between individual larvae and a disappearance of correlations between emission rates and environmental variables in comparison to field measurements. Significant changes in larval metabolism due to the changes in environments--which affected absolute soil temperature and moisture values as well as their diurnal variations, oxygen supply, soil porosity, and food supply--are potential underlying causes for these observations. The transport from the field to the laboratory presented an additional source of stress. Such changes can not only affect the production rate of GHG within larvae, but also GHG release rates \[[@pone.0238057.ref035],[@pone.0238057.ref036]\]. Larvae can release gases via two pathways: the respiratory system (i.e. tracheal tubes and spiracles) and the anus. For CO~2~ it is certainly a mixture of both pathways, whereas gases produced in the digestive tract like CH~4~ and N~2~O might be primarily released via the anus \[[@pone.0238057.ref037],[@pone.0238057.ref038]\]. At which ratios these pathways occur under varying environmental conditions for different GHG is still unknown \[[@pone.0238057.ref035],[@pone.0238057.ref038]\]. For the anus pathway, it also has to be considered if physically handling the animals leads to significant stress-induced degassing of the hindguts before larvae are sealed airtight inside incubation vessels. Changes in environmental conditions also occur to varying degrees and at different temporal resolutions during field incubations, and thus, there is certainly a measurement bias in the field GHG emissions estimates as well. However, we do not know the magnitude of this bias and in how far (potentially) co-occurring processes affecting both larval GHG production and release rates might cancel or amplify each other \[[@pone.0238057.ref035],[@pone.0238057.ref037]\].

Large variations in emission rates and the use of larval biomass for emission rate upscaling are features well known from termite studies \[[@pone.0238057.ref033],[@pone.0238057.ref034],[@pone.0238057.ref039],[@pone.0238057.ref040]\]. Our biomass-based European CO~2~ and CH~4~ emission estimates for *Melolontha* spp. larvae are two orders of magnitude lower than the corresponding emission estimates for termites in temperate regions \[[@pone.0238057.ref039]\]. Termites are considered as a significant, but quite small global GHG source with the majority of these emissions stemming from subtropical and tropical regions \[[@pone.0238057.ref012],[@pone.0238057.ref017],[@pone.0238057.ref041]\]. Greenhouse gas emissions of soil Arthropoda groups other than termites are seen as too low to significantly affect regional budgets \[[@pone.0238057.ref012],[@pone.0238057.ref013]\], which our study seems to confirm at the first glance. However, in contrast to many termite studies, we did not attempt to use the emission rates of a few species to infer the emissions for this entire Arthropoda group. Our estimates are strictly for the genus *Melolontha* only, and thus, show only a fraction of the GHG emission potential of European Scarabaeidae larvae. Furthermore, the available data estimates on European land area colonised by *Melolontha* spp. are incomplete since they are based on surveys from only a few European countries (Austria, Belgium, Czech Republic, Denmark, France, Germany, Italy, Poland, and Switzerland) \[[@pone.0238057.ref020]\].

Worldwide, larvae of several Scarabaeidae species are regarded as economically important pest insects \[[@pone.0238057.ref042],[@pone.0238057.ref043]\]. Regionally, these pest insects can reach biomass levels comparable to or considerably higher than those used for upscaling termite GHG emissions \[[@pone.0238057.ref021]\], but we have no estimates of the total biomass of soil-dwelling Scarabaeidae larvae in Europe. Furthermore, for CH~4~ it is important to differentiate between gross and net soil fluxes. Purely biomass-based CH~4~ emission rates like ours represent gross soil CH~4~ emissions, as they do not account for simultaneously occurring gross CH~4~ consumption rates in soils \[[@pone.0238057.ref018],[@pone.0238057.ref039],[@pone.0238057.ref041]\]. Recent studies suggest that CH~4~ emissions of soil-inhabiting Scarabaeidae larvae can stimulate soil CH~4~ consumption, and thus, potentially increase the overall net CH~4~ sink capacity of upland soils \[[@pone.0238057.ref044],[@pone.0238057.ref045]\]. These larvae can be considered as CH~4~-emitting hot spots in soils, and the magnitude of the stimulation of CH~4~ consumption around these hot spots will depend on their abundance, longevity and CH~4~ emission strength, as well as on environmental variables influencing soil gas diffusivity (e.g. soil temperature and moisture, soil porosity and bulk density) \[[@pone.0238057.ref046]--[@pone.0238057.ref048]\]. For regional and global CH~4~ budgets, it might therefore be more important to quantify the effect of soil faunal CH~4~ emissions on the net soil CH~4~ flux, instead of just quantifying total soil faunal CH~4~ emissions \[[@pone.0238057.ref018]\]. However, it is to date unknown if and to what extent stimulated CH~4~ consumption may or may not act as a biofilter for larval CH~4~-emitting hot spots, i.e. if the outcome may be an increased net CH~4~ efflux, or sometimes even an increased net CH~4~ consumption in Scarabaeidae larvae-infested soils; and how soil properties can shape the net outcome. Regarding the larval potential to turn sites into (temporary) net soil CH~4~ sources, *Melolontha melolontha* larvae feed on roots directly below the turf, i.e. less than 5 cm below the soil surface. Under these circumstances, the gas diffusion path through the soil might be too short to result in significant mitigations of larval CH~4~ emissions through CH~4~ oxidizers. For gaseous carbon emissions of *Melolontha hippocastani* larvae an important question to consider is if they can be channelled through tree roots and stems directly to the atmosphere \[[@pone.0238057.ref049]\]. To be able to answer all these questions, it is imperative to further the development of non-invasive *in-situ* tools for studying gross CH~4~ fluxes in soils, e.g. stable carbon isotopes measurement techniques \[[@pone.0238057.ref018],[@pone.0238057.ref050]--[@pone.0238057.ref052]\]. These tools are also essential to assess any potential biases introduced by the current standard incubation method, also used in this study, for quantifying larval GHG emissions.

Regarding N~2~O, the emission rates measured in this study were of the same magnitude as those observed from earthworms \[[@pone.0238057.ref053]\]. There are also a few studies available from other soil faunal groups, e.g. ants \[[@pone.0238057.ref054]\] and one laboratory-based study on Scarabaeidae larvae \[[@pone.0238057.ref055]\], but earthworms are the only faunal group for which a considerable amount of literature on soil N~2~O emissions is available \[[@pone.0238057.ref009]\]. Earthworms are not host to an endemic denitrifier community in their gut system, but in their presence N~2~O emissions can increase by more than 40% due to the activation of ingested nitrate- and nitrite-reducing soil bacteria during earthworm gut passage \[[@pone.0238057.ref014]\]. It is unclear if Scarabaeidae larvae are capable to affect soil N~2~O emissions in a similar manner, but the study by Majeed et al. \[[@pone.0238057.ref055]\] points in the same direction, identifying denitrification as the most likely pathway for N~2~O production in larval guts. Whereas our data base was too inconsistent for upscaling, Majeed et al. \[[@pone.0238057.ref055]\] attributed 0.2--1.8% of N~2~O emissions from tropical soils to Scarabaeidae larvae. In contrast to our study, they observed consistent N~2~O emissions from their laboratory-incubated larvae with an average emission rate of 10 ng N~2~O g^-1^ larval fresh weight h^-1^.

Conclusions {#sec009}
===========

Overall, our data show that Scarabaeidae larvae should not be neglected as sources of CO~2~, CH~4~, and N~2~O in soil GHG flux research. However, to assess the impact of Scarabaeidae larvae on regional and global GHG budgets and to better understand seasonal and interannual variations in GHG release, including the possibility of increased CH~4~ consumption in soils, it is mandatory to gather more field data on (gross) production rates and species-dependent spatial larval biomass distributions and activities. These are exactly the same challenges that are known from termite GHG emission research \[[@pone.0238057.ref035]\], but we have to address these challenges if we want to explicitly include these soil faunal groups in future ecosystem and Earth system models.

Supporting information {#sec010}
======================

###### Analysis of larval field emissions (on the level of the individual larvae).

A test for correlations between paired samples was performed on the entire pooled larval field dataset using Spearman's *rho* statistic. Shown are the correlations between CO~2~ emission (mg h^-1^ larva^-1^), CH~4~ emission (μg h^-1^ larva^-1^), larval biomass (g), larval excavation depth (cm below soil surface), air temperature (°C), and incubation time (in minutes).

(PDF)

###### 

Click here for additional data file.

###### *Melolontha* spp. greenhouse gas emission data.

The complete dataset presented in this study. Sampling site specifications, larval characteristics and greenhouse gas emission values for each single larva. Furthermore, the complete flux calculation procedure has been included for each gas species.

(ODS)

###### 

Click here for additional data file.

###### Regression analysis of cumulated larval CO~2~ and CH~4~ emissions estimates (plot level).

This file shows the results of the regression analysis which are shown in abbreviated form in [Fig 2](#pone.0238057.g002){ref-type="fig"} in the paper. Cumulated larval CO~2~ and CH~4~ emission estimated from field measurements for each individual sampling plot were regressed on the total cumulated plot larval biomass.

(PDF)

###### 

Click here for additional data file.
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Dear Dr. Görres,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by May 03 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Debjani Sihi

Academic Editor
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: No

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Dear Dr. Görres and Dr. Kammann,

My name is Angel S. Fernandez-Bou (I prefer to disclose my name to improve transparency of the review process). I have worked for a few years with CO2 and greenhouse gas emissions from leaf-cutter ant nests in Central America. Our work has followed an environmental engineering approach to measure and model the soil CO2 dynamics (concentrations and fluxes, and more modestly other greenhouse gases) and their scalability.

I have attached my review as a PDF file for your convenience, although I am pasting it here as well. I hope it is useful for you.

Best luck with your research.

Angel S.

Review of "First field estimation of greenhouse gas emissions from European soil-dwelling Scarabaeidae larvae targeting the genus Melolontha"

In this study, the authors incubated beetle larvae in sealed glass tubes to measure their greenhouse gas emissions (mainly CO2 and CH4). The focus were the measurements occurred in the field, but the authors also conducted laboratory measurements for comparison purposes. Then, they upscaled the results to provide a more holistic understanding of the impact of those emissions. The main finding (in my opinion) is that laboratory incubations underperformed compared to field measurements, stressing the relevance of conducting field work.

This manuscript is well written in general, and mostly easy to follow for a general educated audience. However, I have a few questions and concerns about the methodology that I hope the authors can clarify. My main concern is that these measurements must be extremely precise, since the GHG emissions of a larva in about one hour are very small. Then, a very minor inconsistency may lead to a major error when upscaled. I also disagree with the wording "CH4 emissions", since (as the authors acknowledge) that methane may be consumed in the soil. Therefore, "CH4 production" sounds more accurate in my opinion.

I have listed (1) the major questions that may require just clarification, but they are key for me to be able to recommend the acceptance of the manuscript; (2) several minor comments and suggestions that are up to the authors to integrate (or not) in their manuscript; and (3) some grammatical and standardization comments that I hope can help.

Major questions

Lines 69 and 70. There are several field studies about greenhouse gas emissions from ants in different regions. Certainly not enough, but there are some good examples:

\- Roces, Bollacci, Forti, and Kleineidam have done several field studies measuring CO2 emissions from massive nests in Brazil and South America, even creating casts of the nests.

\- Fernandez-Bou, Harmon, and Dierick have two field studies about CO2 emissions and soil CO2 dynamics related to leaf-cutter ants that were upscaled to the ecosystem scale in Central America.

\- Soper found remarkable N2O emissions from refuse piles of Atta colombica in Costa Rica;

\- Emissions from smaller ant nest in northern Europe have been studied by Finér, Risch, Ohashi; Ohashi also has at least a publication with emissions from ants in Thailand.

Lines 123 to 130. Were the vacutainers filled at the same moment than the larvae were placed in the containers for incubation? In other words, were the vacutainers filled with air containing the exact same GHG concentrations that what the larvae containers had in the beginning of the incubation period? This is how the authors calculate the GHG production by the larvae, and if the initial concentrations were not the same, the production would not be reliable. If this is the case, I suggest they rephrase it to something like "...ambient air at the beginning of the field incubations.". This is a major concern for me, since I do not understand why some N2O flux measurements are negative.

Ln 124 to 125. At what depth were the larvae incubated? Were they incubated at the depth they were found? And did the authors measure the temperature at that depth? It occurs to me that, since temperature at different depths is usually different, changing the temperature at which the larvae were found may have changed their regular metabolism.

Lines 167 to 175. If I understood correctly, you used correlation between pairs of variables. Why? I would probably have used a generalized linear mixed model (glmmPQL, MASS package in R), since some variables can influence and be influenced by others, and interactions among them should be considered. In addition, the plot seems to be a random factor, since there are characteristics intrinsic of the plot for which the measured variables do not account (I like the example of the researcher who asks questions to people; fixed factors are sex, age, education, etc., while the random factor is the person identification, since they have their own personal background that cannot be measured by the fixed factors but influences their response to some extent). I do not mean that GLMM are the only way to do it, but I would like to understand a solid reason why you chose to conduct the correlation analysis.

Also, if you are not familiar with GLMM and are curious, there is a nice manual by Bodo Winter about LMM (<https://arxiv.org/ftp/arxiv/papers/1308/1308.5499.pdf>).

Lines 178 to 189. Similarly to the comment before, why did you do a simple linear regression considering only one independent variable?

Upscaling. I would have measured the CO2 and CH4 flux in the field before excavating the plots. This is a major part of the methodology that I think is missing here, in particular to solidify the possible CH4 emission claims. As the authors point out, increased CH4 production leads to the possibility of increased soil CH4 consumption. And I think the authors agree with this in the conclusions, when they say, "Scarabaeidae larvae should not be neglected as sources of CO2, CH4, and N2O in soil GHG flux research.". They did not measure soil GHG flux in this study and that would have made a more solid study in my opinion, but I do not think that is a reason to reject this manuscript.

The authors discuss and acknowledge the importance of "the effect" of CH4 production by soil fauna instead of the faunal CH4 emissions. And to be consistent, in the upscaling results, I think it is more correct to speak about CH4 production and not about CH4 emissions, since that CH4 may not reach the atmosphere as it may be consumed before (therefore, not emitted). This may affect the emissions claims presented in the study and even the title.

Lines 322 and 333. I disagree. The nature of CH4 emissions by termites is completely different than the potential (if any) soil CH4 emissions by beetles. As stated before and by the authors, CH4 produced in the soil matrix is normally consumed as it diffuses through a tortuous and long path, while CH4 produced in the guts of the termites and by their nest metabolism is connected with the atmosphere by the cathedral vents and transported by convection, a mechanism several orders of magnitude more efficient that soil GHG diffusion. Then, CH4 produced by termites finds (quite fast) its way to the atmosphere, while that produced by Scarabaeidae likely not.

Minor comments, suggestions, and questions

Line 96. I think it would be useful to mention regular size and weight of the larvae, for those readers not familiar with them.

Lines 109 to 120. Did the authors collect all the larvae present in the plots to account for abundance/density? Is this how they were able to upscale? If yes, I suggest clarifying it in the "Soil excavations" section.

Line 179. What is (or how are the calculations for) the larval density per unit area?

Line 184. What is the literature? Can you add citations and mention the numbers here?

Lines 195 and 196. Here I miss the interaction among variables. For example, does the temperature influence larval biomass, hence indirectly CO2 production?

Line 200. I disagree with using "CH4 emissions"; larval "CH4 production" is more accurate.

Line 223. Larval abundance methods are not clearly explained in the methodology.

Line 232. References?

Line 234. What is the CO2 efflux por unit area? And CH4 results should refer to production and not emissions.

Line 234. \"in this region\" is confusing, since the authors are referring to the European level. Where in Europe (approximately) are they talking?

Line 245 to 246. That is interesting! Also good point in lines 268 and 269.

Line 250 to 252. Why do the authors think only some larvae produce N2O? Can they add that in the discussion?

Lines 274 to 282. I think this should be revised in line with all the suggestions and comments.

Lines 289 to 307. Very good discussion.

Lines 308 to 314 and S1_File. Why the authors think N2O flux is negative in a few occasions?

Line 310. Not "considerable," but for ants there is some literature about N2O (Soper et al, 2019, etc.).

S1_File. The authors do not report the time of sampling, but I wonder if they would have found a diel pattern, for example, consistent with the soil CO2 diel pattern: when CO2 concentration in the soil is higher, do the larvae produce the same or less, since there is less O2?

Grammar and standardization

I kindly suggest that the authors revise the manuscript for consistency in at least three points that I noticed:

1\. The authors did not use the serial comma in some occasions, but they did in others. I suggest homogenizing the whole document using the serial comma. For example, in lines 22, 57, 58, 60, etc.

2\. A comma should not separate the subject and the verb. For example, in line 20, I believe that the correct way to write this is \"...from laboratory experiments is often controversial, and it has been limited\...\". In lines 48 and 49 "... (N2O), but they are also...". Other examples of missing subject after comma are in lines 64, 65, 133, etc.

3\. I suggest following the International System units and rules. A checklist can be found online (I use this one <https://physics.nist.gov/cuu/Units/checklist.html>). For example, in lines 31 and 32, units must be provided after the amounts, and I would use "Gg" (giga grams) instead of "kt" (unless the authors think those units are better for broader communication): "10.42 Gg CO2 yr-1 and 409.53 Gg CO2 yr 1, and 0.01 Gg CH4 yr-1 and 1.36 Gg CH4 yr-1.". The same occurs in line 74, 88, 89, 99, 100, 149, 150, 163, etc. In line 104, there should be a space character in "1 m". In line 109, I believe the authors want to use "×" (Alt + 0215) instead of "x". In lines 127, 128, and 132, change "ml" to "mL". Line 146, use "Pa" or "kPa" instead of "PSI". And there may be other excerpts needing standardization that the authors will likely find quickly with the help of the checklist.
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Reviewer \#2: This is an interesting topic, how Scarabaeidae larvae can affect GHG emissions from soils. These emissions by the soil animals are not well studied, and therefore this manuscript would increase our knowledge about the topic. However, I am concerned about few points.

1\. It is not clear how the emissons from the larvae were actually calculated. One gas sample was taken about 1 hour (why not exactly the same time always?) after sealing the animal in a bottle and then ambient sample was taken (not described how) and then there was a blank? Empty bottle? Was the emisson calculated just by dividing the final concentration by time? (Measured concentrations are not given in the manuscript). If so this might give the wrong result or not totally comparable results if the closing time is different.

2\. When the larvae were taken out from their natural environment they might be stressed and it would affect perhaps their behaviour. This could explain differences between measurements in the field and in the laboratory. BUT I would not call the measurements in the field \"Field measurements\" because the animals are taken out from their natural habitat.

3\. Based on 1 and 2 I would be very careful in upscaling the results, also the small number of sites and one sampling time and lack of real field measurements are affecting the quality of the data.

Some minor comments:

-were the larvae cleaned /washed from soil before measurements\...? Or measured with soil?

-Line 134 Why carrot was given, do they eat carrot in nature?

-Line 135 tap water (not tab)

-Line 149-150 calibration was done with very high concentrations, you did not show the concentrations measured from the bottles, were they in the range of standards?

-Is Fig 2 repeating the same data as in Fig 1?

-Supplement Figure1, This figure is quite complicated to read, It does not open to me, could you split the data into several tables/figures. Units are missing from the scales!
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PLOS ONE

Dear Dr. Görres,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by Aug 06 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Debjani Sihi

Academic Editor

PLOS ONE
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#3: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Hello again, Dr. Görres and Dr. Kammann. I hope you are doing well.

I think you have done a very nice job responding to the reviewers\' questions and addressing the comments. I also appreciate your clarifications across the manuscript thinking about a broader audience.

In my opinion, your manuscript is ready for publication.

Best luck on your future research.

Angel S.

Reviewer \#3: See below:

Comments to the Authors First field estimation of greenhouse gas emissions release from 2 European soil-dwelling Scarabaeidae larvae targeting the genus Melolontha The manuscript is well written and has concise, well connected sentences. In this study, the authors have made an attempt to do field and lab scale measurement of greenhouse gas emissions from Scarabaeidae larvae. I really liked the idea of upscaling the results in order to provide better understanding of the impacts of such emissions. Several studies talk about microbial decomposition of soil organic carbon and how that influences the atmospheric greenhouse gas concentrations but very few have talked about other faunal groups such as ants, termites and beetle larva. So, this is a good attempt to quantify that. I have gone through the responses to reviewers' comments and most of them seem satisfactory to me. Some of my overall concerns on the methodology of this manuscript are below. The larvae were incubated at the soil surface in field, but the larvae were actually excavated from deeper depths. Do you think by doing so, we are adding a bias to the greenhouse gas emissions that actually comes from larvae at deeper depths versus what is reported in the manuscript? How the calculations for of these emissions were done? Also, the larvae used in field study and lab incubation, were they all similar in size? If not, do you think that would influence the greenhouse gas emissions as well? Other than these minor concerns, I have gone through the responses to the reviewers and they seem convincing and satisfactory to me. 
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7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Dear Dr. Görres,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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